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Progress and limitations in the culture
of cereal protoplasts
P. Ozias-Akins and H. Lbrz
A few well-established protoplast s y s t e m s e n c o m p a s s i n g m o r p h o g e n i c
and n o n - m o r p h o g e n i c cultures potentially could be used for the
s o m a t i c h y b r i d i z a t i o n and t r a n s f o r m a t i o n o f cereal plants. H o w e v e r ,
the p r e s e n t difficulty in obtaining plants f r o m protoplasts m a k e s it
i m p o r t a n t to c o n s i d e r alternative a p p r o a c h e s for transferring genes
into cereals.
Cereals and grasses comprise the
plant family Gramineae which is of
greatest world-wide importance for
h u m a n and animal nutrition. The tremendous increases in yields over the
past 50 years can be attributed to the
persistent efforts and patience of plant
breeders in producing better varieties.
It is hoped that someday these advances
will be augmented by directed genetic
manipulation at the single cell level,
thereby reducing the time required for
breeding plants with disease resistance,
improved nutritional quality or the
ability to grow under conditions of
greater environmental stress. A more
realistic goal at present may be the
production of somatic hybrids or
cybrids between species which are
incapable ofsexualhybridization due to
various incompatibility reactions. A
word of caution is necessary, however,
both of these possibilities are as yet only
ideas and aspirations because of two
main limitations: a) the difficulty of
obtaining consistently reproducible
cultures of single cells or protoplasts
from the Gramineae, and b) the transformation of cereals with natural or
constructed vectors is not yet possible.
Here we describe the present situ-
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ation in the culture of cereal protoplasts
and discuss present restrictions and
possible approaches to overcome the
problems. T h e different steps from

starting material for protoplast isolation, initiation of cell cultures, protoplast culture and plant regeneration are
shown in Fig. 1.

Explant to protoplast
For plants such as tobacco (Nicotiana
spp.), leaves are an ideal source ofprotoplasts because they can be kept in a
uniform, abundant supply by in vitro
shoot-tip culture or can be harvested
from greenhouse-grown plants. Mesophyll protoplasts from diploid or
haploid plants can be isolated in large
quantities and a high percentage of the
protoplasts reform a cell wall and divide
to produce a callus. Mesophyll proto-
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Callus
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Cell Suspension
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Protoplast-Derived Callus

~
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Fig. I. A summary of the major pathways covered in the text.
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Table I. Protoplast Culture from Gramineae Species
Species
Bromus inermis
Hordeum vulgare
Lolium multiflorum

Source of protoplasts

cell suspension
uon-morphogenic
callus
embryogenicsuspension;
non-morphogenicsuspension
Oryza sativa
leaf-sheath;
non-morphogeniccallus
Panicum maximum
embryogenicsuspension
Panicum miliaceum
embryogenicsuspension
Pennisetum americanum embryogenicsuspension;
non-morphogenicsuspension
Pennisetum purpureum embryogenicsuspension;
Saccharum officinarum non-morphogenicsuspension
Saccharum sp.
shoot tips
Sorghum bicolor
non-morphogenic
suspension
Triticum monococcum non-morphogenicsuspension
Zea mays
stem;
non-morphogenicsuspension
plasts have two particular advantages
over cell culture protoplasts: a) protoplasts coming directly from the plant
are less likely to harbor genetic variation; and b) mntagenesis of haploid
protoplasts and the application of selection pressure allows the rapid recovery
of recessive mutants.
In the Gramineae, protoplasts can be
obtained in large quantities from
leaves, roots and stems; however, only
in rare, unreproducible cases have the
protoplasts divided to form callus
(Table I). The first such report was
from Deka and Sen ~who enzymatically
isolated protoplasts from whitish leaf
sheaths of field-grown rice (Oryza
sativa L.). Cell walls were regenerated
within 24 hours and cell division took
place within five days. About 30% of
cells plated gave rise to calluses;
however, the calluses obtained could
form only roots and not shoots. From
sugarcane (Saccharum spp.) shoot-tip
protoplasts, a 10% division frequency
and subsequent colony formation were
recorded:. The most convincing report
initially concerning sustained division
of protoplasts isolated directly from
explants dealt with protoplasts from
young maize (Zea mays L.) stems ~. In
one instance, a non-morphogenic callus
was produced in a number of different
culture media, but the experiment
could not be repeated. In various
laboratories numerous attempts have
been made to culture gramineous
mesophyll protoplasts without success.
This has ted to the speculation that nondividing cells of the Gramineae are
irreversibly determined and are no
longer 'totipotent', that is, they have
lost the capacity to return to a dedifferentiated state in which cell division
predominates and to subsequently re-
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differentiate into whole plants. The inability to culture protoplasts directly
from plant parts has left one alternative
- the cell culture route.

type within a species. In addition to
genotypic variation, explants are also
influenced by the environmental conditions under which the donor plants
have been grown.
On the commonly used Murashige
and Skoog medium s containing the
growth regulator 2,4-dichlorophenoxyacetic acid (2,4-D), the types of primary
callus formed can be divided into two
main categories: (a) compact, smoothsurfaced embryogenic or shoot-forming tissue which is composed of small,
densely-cytoplasmic cells; and (b)
friable, non-morphogenic or root-forming callus with localized meristematic
centers surrounded by enlarged,
vacuolated, loosely arranged cells.

Callus to cell suspension
Occasionally, subculture of the
friable-type callus may lead to the
formation of a more homogeneous, fastExplant to callus
growing tissue which can be used either
In 1975, Green and Phillips 4 directly for protoplast isolation or after
demonstrated that plants could be establishment of a suspension. Koblitz 6
regenerated in large numbers from was able to isolate viable protoplasts
immature embryo callus of Zea mays. from H o r d e u m callus. After six days
This report was followed by numerous approximately 10% of the survivothers documenting a similar response ing protoplasts had undergone one
from many gramineous species, and in division. Many protoplast-derived
fact, it is now possible with all major aggregates, some as large as 50 cells,
cereals and a number of forage grasses were observed after 20 days and nonto obtain morphogenic calluses by morphogenic callus subsequently
using the immature embryos as the developed. Deka and Sen I, in addition
explants. One prominent disadvantage to leaf-sheath protoplasts, isolated and
of the immature embryo explant is that cultured protoplasts from rice callus.
the genotype is unknown. This is Cell suspensions generally are a better
perhaps not of much consequence source of protoplasts than callus for a
when highly inbred lines are used but number of reasons. The faster growth
could engender more variable results rate allows more rapid multiplication of
from heterozygous or hybrid lines. To the material (e.g. weekly subcultures
circumvent this problem, explants such for suspensions in contrast to monthly
as very young leaves, inflorescences, or subcultures for callus). The composishoot tips may be taken. The frequency tion and thickness of the cell wall may
of morphogenic callus ~formation is be altered in rapidly dividing cells, and
usually lower, however, than from it becomes easier to isolate protoplasts
immature embryos, and regardless of from the resulting cultures. In addition,
explant, can vary considerably from the smaller cell aggregates present in a
species to species and also with geno- liquid suspension culture are more
evenly exposed to the nutrient
~2~ "~5~V
~ z~'
medium; thus hormonal gradients are
less likely to occur within the cultures
and a more homogeneous population of
@;
~N}
protoplasts can be obtained.
In almost every example listed in
Table I, the protoplast-derived cells
expressed the same competence as the
cells from which they originated. In
X
other words, callus or cell suspensions
in which morphogenesis cannot be
Fig. 2. First division in a protoplast-derived cul- induced generate protoplasts which are
ture ofZea mays isolated from cell suspension. also incapable of morphogenesis. The
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most logical approach, therefor% which retain the morphogenic capacity
would
be
the
production
of and from which a large number of
morphogenic cell cultures from which plants can be regenerated through
protoplasts could be isolated in large somatic embryogenesis offer promise.
numbers. It is difficult to use the Such suspensions have been obtained
compact morphogenic callus directly in Bromus inermiJ, Lolium multifor protoplast isolation because of the florum 8, Panicum maximum 9, Panicum
size and density of the meristematic miliaceum :1 and Saccharum officareas. However, suspension cultures ina rum ]2.

Glossary
apomixis - a type of ~ asexual
reproduction in which the 'embryo
develops from a cell within the ovule
other than the fusion product of the
gametes, the zygote.
callus - in the classical sense, 'callus' is
defined as an amorphous mass of parenchyma cells originating from one or more
plant cells by continuous cell division.
Many so called morphogenic callus cultures from the Gramineae do not precisely conform to the classical definition
in that proliferation of dedifferentiated
cells is often accompanied by a certain
degree of differentiation evident as
embryogenesis or shoot andfor root
morphogenests even under the i'nfluence
of the synthetic auxin 2,4-D.
explant - any portion of a plant which is
placed in vitro on a nutrient medium. In
Gromineae, the only explants which produce proliferating cell cultures are those
consisting at least partially of meristematic cells, e.g. immature embryos,
young inflorescences, leaf bases, shoot
tips.
a) immature embryo - zygotic embryo
taken 10-14 days after pollination when
the endosperm is in the 'milk' stage. All
of the characteristic structures of a grass
embryo, i.e. scutellum, coleoptile, shoot
meristem, coleorhiza, root meristem,
have been differentiated by this stage
and rapid growth is occurring as a result
of cell division and enlargement.

b) leaf - a gramineous foliage leaf is
composed of a leaf sheath which encircles the stem and a linear leaf blade,
Extensive cell division in the leaf blade
ceases shortly after its formation; however, an intercalary rneristem remains
active at the base of the leaf sheath,
c)
young
inflorescence the
inflorescences in Gramineae may be
spikes, panicles, or racemes and the
development varies tremendously from
species to species; the stage which gives
the best callus-forming or morphogenic
response may also vary, Two general
characteristics are that the inflorescence
should be taken well before emergence
from the flag leaf, i.e. while still enclosed
by several whorls of leaves, and the floral

primordia should be in the early stages of
development.

morphogenesis - differentiation of plant

organs from cell culture which includes
the independent initiation of shoot or
root primordia as well as somatic
embryogenesis.
plant cell suspension - some single but
predominantly small groups of cells are
kept suspended in a flask containing

liquid medium by gentle swirling on a
gyrotary shaker operated most often
between 100 and 150 rpm.
plantlet - an apparently functionally connected shoot and root which develop
either by the germination of a somatic
embryo or by two separate events,
shoot formation and subsequent root
initiation.
ploidy - denotes the number of chrornosome sets present in a cell. A somatic cell
ordinarily contains two chromosome
sets and therefore is termed diploid.
More than t w o chromosome sets are
present in a polyploid cell, whereas
more or less than an entire chromosome
complement indicates an aneuploid cell.
An alloploid plant is composed of unlike
genomes.

Plant regeneration and variation

Plant ' regeneration from compact
callus or embryogenic cell suspensions
can often be accomplished by simply
reducing or eliminating 2,4-D from the
agar medium onto which the callus is
transferred or the cell suspensions are
plated. In most instances there has been
no extreme difficulty in obtaining
plants which survive after transfer to
soil except, of course, where only albino
plants have been produced. The
morphogenic capacity may decline
after a number of months in culture,
particularly as a result of random
subculture of the tissue rather than
visual selection and careful transfer of
the likely morphogenic portions of
callus or cell groups.
The appearance of variant or mutant
cell lines and plants in in vitro culture is
a well documented phenomenon and
may be exploited best when selection
pressure is applied. Fungal toxins of
Helminthosporium maydis race T and
H. saccharihave been incorporated into
culture media used for maize u and
sugarcanC 4, respectively, to select for
tolerant or resistant cells. Plants regenerated from these selected cultures were
also resistant. In the case of sugarcane,
variation among regenerated plants
which occurred even in the absence of
toxin selection nevertheless allowed the
isolation of a number of disease-resistant clones.
Variation is disadvantageous when

protoplast - in the context of cell
culture, a protoplast is a plant cell from
which the cell wall has been removed by
mechanical or enzymatic processes. The
protoplast, whose outer boundary is the
plasma membrane, will remain intact
when maintained under a suitable
osmotic pressure. Cell wall regeneration
often begins within the first day of
culture and cell division may be initiated
under optimal nutrient and environmental conditions from 2-7 days after
culture initiation.
somatic
embryogenesis
the
development of an embryo from cells
other than gametes or their fusion
products (zygotes) by a process which
more or less recapitulates zygotic
embryogenesis. Two universal characteristics d a n embryo are: (a)it is a discrete structure without vascular con
nection to the parent tissue, and (b)
bipolarity (the formation of a root and a
shoot pole) is established during
development. Atypical embryos in
which either root or shoot development
may be arrested often occur in vitro.

Fig. 3. (a) Cell suspension of a non-morphogenic cell line of Triticum monococcum.

(b) Morphogenic cell culture of Pennisetum
americanum. The heterogeneous suspension

consists of small aggregates of highly vacuolated cellsand large clumps of denselypacked,
highly cytoplasmic, meristematic cells.
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cloning of a desired genotype is the
objective. Gross chromosomal akerations (deletions, duplications, inversions, translocations) resulting in a high
percentage of abnormal karyotypes or
aneuploid plants from tissue cukures of
Avena sativa ~ and Triticum aestivum ~
have been detected. In Avena the aberrations increased with time in culture.
At the other extreme, Panicum maxim u m ~7 plants regenerated through
somatic embryogenesis showed no
morphological variation and no evidence of chromosomal rearrangements
which could have been detected at
meiosis. It was not possible, however,
to examine progeny because the Panicum cultivar was an obligate apomict.
Regenerated plants from Zea mays TM
tissue cultures were more than 90%
diploid and reflected fairly closely the
chromosomal constitution of the callus
which was not affected by time in culture. However, a number of recessive
single gene mutations were uncovered
by other researchers ~9.
It has been suggested that strictly
regulated embryogenic development
from single cells may preclude the participation of genetically deficient cells,
whereas the process of shoot formation,
which generally involves more than one
cell, may be more tolerant of chromosomal aberrations. However, in spite of
the fact that many of the Triticum aestivum cultures were reported to be
embryogenic ~6, 20% of the plants
regenerated were aneuploid. Perhaps
alloploid species such as T. aestivum are
better buffered against the detrimental
effects of chromosomal instability than
true diploids. There is still not sufficient evidence to determine whether
the pathway of morphogenesis influences variation in regenerated plants.
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cellulases, and pectinases are used to
enzymatically digest the plant cell wall,
and the optimal combinations and concentrations of enzymes may vary
depending upon the plant species or
tissue type and age. Rapidly subcultured cell suspensions in the exponential phase of growth usually provide
the best material for protoplast isolation. Since the isolation procedure is
rarely the difficult step, only those cases
in which subsequent callus formation
occurred are considered in this review.

Protoplasts to protoplast-derived
callus
As early as 1973, only three years
after the first report of plant protoplast
division in culture, two simultaneous
publications presented evidence of
callus development from gramineous
protoplast cultures. A suspension of
Bromus inermis protoplasts divided to
form embryoids and eventually plantlets 7, most of which were green, but
there was no mention of development
past the plantlet stage. Ten-year-old
sugarcane suspensions provided a good
source ofnon-morphogenic protoplasts
which clearly produced callus 2°.
Comparable investigations with a
number of other species are listed in
Table I. Of particular interest is the
report from Jones and Dale s in which
various Lolium multiflorum suspensions, one of which was embryogenic, were utilized for protoplast
isolation. An impressive division frequency of greater than 50% was
achieved under optimal conditions;
however, embryogenesis was not
observed in the protoplast-derived
callus.
Non-morphogenic suspensions, are
obviously of limited interest for somatic
cell genetics; therefore, more recent
Cell suspension to protoplasts
efforts have concentrated on the proProtoplasts have been isolated from duction of morphogenic/embryogenic
both morphogenic and non-morpho- suspensions and protoplast isolation
genic gramineous suspensions. Crude from such cultures s6.
preparations offungal cellulases, hemiIn addition to the early report of Kao

et al. 7 on protoplast isolation and

culture from morphogenic suspensions
of B. inermis, four subsequent
publications expounding a similar
strategy and encompassing four species
in two genera have appeared 9'~°'H'~2.In
all instances the protoplasts were
derived predominantly from the compact, starch-filled, embryogenic cell
groups in suspension and the first divisions were initiated within a week.
The cell masses formed after 3-4 weeks
closely resembled those present in the
original suspensions and developed
into callus upon transfer to agar media.
Numerous globular and more mature
embryoids were produced from the
callus but most either formed calluses
again or germinated precociously
thereby severely restricting the number
ofplantlets which could be obtained. In
the case of one species, only albino
plantlets were formed ~°.

Protoplast-derived callus to plants
The final step from protoplastderived callus to mature plants in soil
has yet to be achieved. Although
apparently normal plantlets with
several foliage leaves and a vigorous
root system have been obtained 9'~,22, in
no instance have these plantlets survived transfer to soil. This is, of course,
a serious shortcoming and a major
impediment to the applicability of these
protoplast systems to somatic cell
genetics. The difficulty in obtaining
normal plants from protoplast-derived
plantlets may be caused either by a high
degree of physiological and genetical
abnormalities induced during cell
culture or more likely by our present
inability to handle the regenerants
adequately to allow complete development.
Conclusion
With respect to envisaged genetic
manipulation of cereals some conclusions may be drawn from the results
described above. At present, efficient

'~4~

Fig. 4. (a) Freshly isolated cell culture protoplasts of Oryza sativa.

(b) Protoplasts ofOryza sativain liquid culture
medium two days after culture initiation.

"~

(c) Protoplast derived calluses of Oryza sativa
twenty days after culture initiation.
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protoplast culture and regeneration is
possible to the callus stage only and,
therefore, predominantly non-morphogenic lines can be used to study cereal
transformation and to test suitable
vectors for gene transfer. Regeneration
of protoplasts to plantlets is a rather
rare event and this fact, combined with
the usual low frequency of transformation events, makes the production of
a transformed cereal plantlet a lowchance lottery. Present discussions
about the possibility of achieving cereal
transformation without using protoplasts are stimulated by the enormous
difficulties with plant regeneration. So
far, however, it has proved difficult to
transfer D N A by microinjection into
morphogenic, multicellular structures,
or to transfer D N A into pollen grains,
or to genetically engineer a naturally
occurring microorganism which could
be used in a similar way as Agrobacterium tumefaciens for gene transfer.
Intensive efforts are needed to develop
alternative approaches for cereal transformation in addition to further efforts
to improve and broaden protoplast culture and regeneration conditions for all
of the cereal crops.
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